Geophysical and geotechnical techniques were used to investigate the sub-surface information of a proposed site for a hostel construction at Federal University of Agriculture, Abeokuta. Ten vertical electrical sounding (VES) stations were adopted. Typical sounding curves obtained include the HA, KH, AKH and KQH types, of which the AKH-type consists of 40% of the survey points, and a maximum of five geo-electric sub-surface layers were delineated. Laboratory analyses were performed to investigate particle size distribution, Atterberg limit, compaction limit, California bearing ratio (CBR) and specific gravity. The CBR revealed that all soil samples, except L4, are mechanically stable and have high load-bearing capacity. The Atterberg limit test and the geo-electric section showed that the second layer of VES 4 is composed of sandy clay with high plastic index and low liquid limit, which may pose a threat to the foundation of any engineering structure. VES locations 5, 6 and 8 were identified as high groundwater potential zones suitable for optimum groundwater abstraction. The study area is suitable for both shallow and deep foundations, however VES 4 and VES 5 require reinforcement. 
Introduction
In recent years, reports on collapsed structures have become alarming [1] [2] [3] [4] , and this phenomenon had led to loss of life and properties. It has been reported [5, 6] that building collapse may be due to inadequate bearing pressure, poor building materials, foundation failures which are traceable to lack or improper geo-technical and geophysical investigations, as well as effects of vibrations or fluctuations in water level. In recent years, collapse of engineered structures have become widespread going by the number of failed structures. Most of these failures can be attributed to insufficient knowledge of the bedrock of the sites, inaccurate top soil profile information, failure to identify sub-surface voids or solution cavities in carbonate rocks and lack of information on competence of the soil strata among others [7, 8] . Part of the concern in the design of structures is the pre-construction investigation of the subsoil which is to be carried out at the proposed location to ascertain the fitness of the host earth materials. The electrical resistivity method is useful in determining the competence of the subsoil layers; the resistivity value of the soil strata is proportional to its competence, and this value is governed by the amount of pore space and the arrangement of the pores, soil particle size and arrangement, among others [9] . Electrical resistivity measurements are preferred because of the wide range of resistivity values that are associated with nature, and it is also cost-effective among other geophysical surveys. The method is suitable for estimating depth of the bedrock and identifying the presence of structural features in the bedrock or potentially hazardous sub-surface conditions before the engineering structure is put in place [10] . The electrical resistivity method had found landmark success in solving a wide variety of engineering and environmental problems [11] [12] [13] [14] [15] [16] [17] [18] [19] . Application of 2D electrical resistivity tomography (ERT) in geo-technical investigations of the foundation at Ogudu Lagos, Nigeria [20] , showed that the depth to the competent layer that could support a sizeable engineering structure is confined to the second half of the surveyed northeast area at a deeper depth mapped by ERT. a site and its environment that could significantly influence or be influenced by an engineering construction project. The main reason for site characterization is to have adequate, dependable information of the sub-surface and site conditions, which will assist in taking decisions during the consideration, design and execution of an engineering construction project. The aim of this work is to investigate the nature and engineering properties of the proposed site for the proper designing of the foundation for the proposed hostel building at Federal University of Agriculture Abeokuta (FUNAAB). The study used geophysical and geotechnical techniques to probe the sub-surface competence and structural disposition in terms of load bearing in the context of building construction.
Materials and Methodology

Description of the Study Area
The study area is a proposed site for students` hostel located near the student union building within FUNAAB campus in Odeda Local Government Area of Abeokuta, Ogun State, Southwest Nigeria (Figure 1 ). It is located between latitudes 7°12′00″ and 7°30′00″ and between longitudes 3°15′00″and 3°45′00″. 
Geology and Hydrological Settings of the Study Area
The ground elevation around the site of investigation ranges from 371 to 379 m above sea level (Figure 2) , with the top soil mainly composed of sand, sandy clay and laterite. The topography of the area is slightly even, with some areas sloping gently. The climate is hot and humid, influenced by rain-bearing southwest monsoon winds from the ocean and dry northwest winds from the Sahara Desert. The study area, which falls within the Precambrian basement complex of Southwestern Nigeria [24] [25] [26] , is underlain by crystalline rocks. The lithological units include magmatic gneiss complex, granitic gneiss and charnockites ( Figure 3) . Boulders of gneiss and granitic gneiss occur in the western part of the study area. Fracture bedrock generally occurs in a typical basement terrain [27] . The study area lies within the basement complex rocks. These rocks are from the Precambrian age to the early Palaeozoic age, and they extend from the northeastern part of Ogun State (to which Abeokuta belongs), running in the southwest direction and dipping towards the coast [28] .
Field Work Procedure for Geophysical Survey
The vertical electrical sounding (VES) approach of the electrical resistivity technique was adopted to determine the electrical resistivity and depths of the sub-surface layer with a highly sensitive terrameter (ABEM 300) using Schlumberger electrode arrangement (Figure 4 ). When the ratio of the distance between the current electrodes and the potential electrodes became too large, the potential electrodes were displaced outwards; otherwise, the potential difference may become too small to be measured with sufficient accuracy [29, 30] . Measurements of current and the potential electrode positions were marked such that AB/2e
2 MN e , where AB/2 = current electrode spacing and MN/2 = potential electrode spacing. The value of AB/2 increased as the measurement progressed, while the potential electrodes' separations were guided accordingly. The potential electrodes were kept at small separations relative to the current electrodes' separations [30, 31] . One of the major advantages of this method relative to other methods is that only the current electrodes need to be moved to new positions for most readings, while the potential electrodes are kept constant for up to three or four readings [30, 32] . During the field work sounding, the earth resistivity meter performs automatic recording of both voltage and current, stacks the results, computes the resistance in real time and digitally displays them [30, 33] . The apparent resistivity value is the product of the geometric factor and the resistance recorded in the resistivity meter. Several soundings and apparent resistivity values would be obtained by progressively expanding the current electrodes' spacing with fixed steps to enable sufficient penetration to the sub-surface earth and enhance structural responses as specified by Schlumberger arrays.
Laboratory Tests for Geo-technical Survey
Disturbed soil samples (15 kg each) were collected at each of the locations of the seven VES stations -L2 (VES2), L4 (VES4), L5 (VES5), L6 (VES 6), L7 (VES7), L8 (VES8) and L10 (VES10) -within the site. The samples were put inside black polythene bags, labelled and packed under controlled temperature to prevent the escape of moisture. The analysis was carried out at Civil Engineering Laboratory, Federal University of Agriculture, Abeokuta. Analysis of samples was extended to include California bearing ratio (CBR) test, specific gravity determination, grain size analysis (sieve analysis) test, compaction test and Atterberg limits test. Samples were prepared depending on the investigation types and procedures used. Some samples were wet and compacted, some were oven-dried and sieved with a specific sieve number, some were soaked in distilled water, some were pulverised and run through a known sieve, while some were crushed with a rubber-headed pestle and sieved before the analysis was carried out on them. Laboratory equipment deployed for the analysis were electric oven, sieve shaker, plastic mortar and pestle, Casagrande's liquid limit (LL) apparatus, density bottle with distilled water and gassing machine. The CBRs of soaked and unsoaked soils were determined using a standard method (American Society for Testing and Materials [ASTM] D1883). The test was carried out on the top and bottom layers of the compacted wet soil, and the average was taken as the actual CBR. A water pycnometer-based standard test (ASTM D854-00) was used to determine the specific gravity of the soil. The specify gravity of the soil solids was calculated using Equation (1) Samples of approximately 500 g were used for determining grain size distribution. The percentages of particles retained and particles passing were calculated using Equations (2) and (3).
where T m = total mass of the soil, R = % retained, P = % passing, M r = mass retained, Q p = quantity passing. The compaction test was used to investigate the moisture-density relationship of the soil samples. Standard methods (ASTM D698 and ASTM D1557) were used for estimating the laboratory compaction characteristics of soil using, respectively, standard effort (6,000 kN-m/m 3 ) and modified effort (27,000 kN-m/m 3 ) for the determination of the moisture-density relationship. The moisture content of each compacted soil specimen was calculated by finding the average of the two water contents. The Atterberg limit test was carried out using Casagrande's apparatus and following the procedure described in ASTM D4318. The LL, the plastic limit (PL) and the plasticity index (PI) of the soil were determined.
Data Processing and Interpretation
Characteristics of the VES Layers (Schlumberger Array)
The summary and interpretation of the results, iterated using the IP2 computer software, are displayed in Table 1 . The results of the resistivity curves and the geo-electric sections, i.e. thickness of layers, resistivity, depth, inferred lithology and curve type values, are shown in Table 1 . The shape of a VES curve depends on the number of layers in the bedrock, the thickness of each layer and the ratio of the resistivity of the layers [34] ; it also reflects the different lithological attributes in the study area. The results of the quantitative interpretation suggest that the sites are characterized by four types of resistivity curves, which are 4-AKH, 3-KH, 2-HA and 1-KQH. For example, curve AKH of the layer resistivity sections (r1< r2 < r3 > r4 > r5) for VES-1, 2, 3 and 9 -after quantitative treatment and analysis -were delineated to five distinct geo-electric layers in the study area (top soil, laterite, which extends to the third geo-electric layer at some sites, and a fourth layer, which is sandy clay, with basement rock being the fifth layer). Typical sounding curves and geo-electric section layers from the site include the HA (ρ 1 >ρ 2 >ρ 3 <ρ 4 ), KH (ρ 1 <ρ 2 >ρ 3 <ρ 4 ), AKH (ρ 1 <ρ 2 <ρ 3 >ρ 4 <ρ 5 ) and KQH (r 1 <r 2 >r 3 >r 4 <r 5 ) curve types, with four to five geo-electric layer combinations. The AKH curve type predominates, constituting 40% of the total number of curves, while the KH, HA and KQH types constitute 30%, 20% and 10% of this total, respectively. Concisely, a maximum of five geo-electric sub-surface layers were identified in the area, comprising the topsoil with resistivity values ranging from 47.8 to 381 Ω-m and thickness varying from 0.701 to 1.08 m; the lateritic layer with resistivity values between 116 to 1,095 Ω-m and thickness varying from 0.596 to 2.08 m; lateritic hard pan layer with resistivity values ranging from 22.5 to 480 Ω-m and thickness varying from 1.94 to 27 m; and the fresh basement with resistivity range of 455 to 921 Ω-m which is assumed to be infinitely thick. The second layer in VES 4 and VES 5 is filled with sandy clay (Table 1) ; the two locations would not support engineering structures, except when the foundation is reinforced.
Results of Geotechnical Tests
Compaction Limit Test
The maximum dry density (MDD) for the soil samples ranged from 1,697 to 2,158 kg·m -3 while the optimum moisture content (OMC) ranged from 8.74% to 17.74% ( Table 2) . The values of the MDD for all samples were within the specifications of the Federal Ministry of Works and Housing, Nigeria [35] , which recommends that the MDD should be >1,680 kg·m -3 and the OMC <18%. The strength of the soil and the density of the soil mass are interrelated generally: the strength of a soil increases as its dry density increases. The potential for the soil to take on water at later times is decreased by higher densities, which is due to the decreased presence of air space in the soil mass. The inplace moisture content of a soil is often used, along with the soil classification, to determine the suitability of the material. Generally, as the moisture content of a soil increases, its strength decreases and its potential for deformation and instability increases.
Sieve Analysis Test
The percentage passing, percentage retained and the quantity of the soil passing were calculated using Equations 2, 3 and 4. The percentages of soil samples L2, L4, L5, L6, L7, L8 and L10 by weight that passed through No. 200 sieve were within the specification lim- (Table 3) . The values were less than the stipulated maximum limit of 35% based on the specification requirement [35] in Clause 6201. Table 4 shows the results of determination of the specific gravity of the soil samples. Soil samples L2, L4, L5, L6, L7, L8 and L10 had specific gravities of 2.69, 2.41, 2.64, 2.80, 2.54, 2.67 and 2.47, respectively. The specific gravity of the samples was within the limit of specification [35] in Clause 6201, which ranges from 2.5 to 2.75, except samples L4 and L6, which had values lower than and greater than the limit, respectively. The specific gravity of soil grains depicts vital information on the features of a soil, whether it can withstand engineering structures or not [36] . The closer the specific gravity of the soil to the upper limit of the standard of the soil, the better it is for construction purposes. 
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Specific Gravity Test
Atterberg Limit Results
The values of LL, PL and PI are presented in Table 5 . All soil samples except L4 and L5 satisfied the specification requirement [35] in clauses 6201 and 6252 since both the LL and PI (Table 5 ) of all the samples did not exceed the stipulated values of 35% and 12%, respectively. The PI of soil sample L5 was above the standard limit; therefore, it is considered to be highly plastic (i.e. it is clayey), which may pose a threat to the structure (leading to structural failure) since the soil usually has the ability to retain appreciable amount of water (moisture), especially by absorption, thereby decreasing its permeability and hydraulic conductivity (K).
CBR Test
The overall CBR for soaked (CBR_s) and unsoaked (CBR_u) soil samples were within the specified limits except the sample at L4 (Table 6). The specification requirement [35] is that the minimum strength of the material shall not be <80% for CBR_u, while the minimum strength of the material shall not be <10% after at least 48 hours of soaking (CBR_s). The CBR_s and CBR_u values for L4 were 4.20% and 56.78%, respectively. These values indicate that the soil at VES 4 is a clayey lateritic soil, which does not support heavy structures. In addition, moisture influx would be highly detrimental to the structure constructed at this position. 
Hydrogeological Implication
It is possible to make qualitative hydro-geological deductions from the curve types [37] . The aquiferous zones are found within the layer with relatively low resistivity values ( Figure 5 ). This zone is interpreted as the underlying groundwater level. Consequently, because of the low resistivity of the aquiferous units in Table 1 , the positions VES 5, VES 6 and VES 8 are favourable points for locating a well. Basically, the absolute value of electrical conductivity has been effectively used. The overburden thickness map of the area (Figure 6 ) indicates the zones of relatively thick overburden (i.e. >16 m) and zones of relatively thin overburden (i.e. <16 m). From studies in similar basement terrain [38] , areas with thick overburden cover are identified as high-groundwater-potential zones. Likewise, the analysis of the bedrock relief map of the site ( Figure 5 ) has hydro-geological significance in a basement setting [39] . Basement depression zone (i.e. area at lower elevation on the bedrock) is delineated at the eastern part of the study area. The thick overburden and depression zones constitute priority areas for groundwater development. 
Geotechnical Implication
The engineering competence of the sub-surface formation in the study area was evaluated qualitatively from layer resistivity characteristics: the higher the layer resistivity, the higher the competence [40] . The relatively low resistivity anomaly (116 Wm) beneath VES 4 depicts a fracture or weak shear zone, which is a potential hazard to settlement of buildings and may cause collapse of overlying structures if remedial engineering action is not considered.
Conclusion
The geophysical and geotechnical methods of foundation investigations carried out at the proposed site for a hostel in the campus of Federal University of Agriculture, Abeokuta, have been effective in characterising the sub-surface materials that underlie the study area as well as the depth to bedrock. The results obtained from the VES experiments show a maximum of five geo-electric layers, which include topsoil, lateritic, lateritic hard pan, sandy clay and basement/fractured basement rock. The geo-electric section reveals that the second layer of VES 4 and VES 5 are filled with sandy clay, which is not suitable for structure foundation. The CBR test reveals that all the soil samples tested -except L4 (taken at VES 4) -are mechanically stable and have high load-bearing capacity, which is suitable for both shallow and deep foundations without the need for reinforcement. However, reinforcement is highly required in the design and construction of the foundation in VES 4. The Atterberg limit test and the geo-electric section reveal that the second layer of VES 4 is filled with sandy clay with high PI and low LL, which may pose a threat to the foundation (leading to structural failure), since the soil usually has the ability to retain appreciable amount of water (moisture) especially by absorption, thereby decreasing its permeability and hydraulic conductivity. The positions of VES 5, VES 6 and VES 8 are identified as high-groundwater-potential zones in the study area, which are suitable locations for hand-dug wells and boreholes for optimum groundwater abstraction. The results from the application of geophysical and geotechnical methods on site characterization reveal that the study area is suitable for both shallow and deep foundations, except at VES 4 and VES 5, where reinforcement is required to support shallow and deep foundations.
